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Edited by Ulf-Ingo Flu¨ggeAbstract A cDNA encoding a pinoresinol–lariciresinol reduc-
tase PLR (PLR-Lp1) was isolated from a cell culture of Linum
perenne Himmelszelt accumulating the arylnaphthalene lignan
justicidin B. The recombinant PLR-Lp1 prefers (+)-pinoresinol
in the ﬁrst reaction step, but ()-lariciresinol in the second step.
Therefore, it is the ﬁrst PLR described with opposite enantio-
speciﬁcity within the two reaction steps catalysed by PLRs.
Hairy root lines transformed with an ihpRNAi construct to sup-
press plr gene expression show less mRNA accumulation for the
plr-Lp1 gene and PLR enzyme activity. Justicidin B accumula-
tion was reduced down to 24% in comparison to control lines
showing the involvement of PLR-Lp1 in the biosynthesis of jus-
ticidin B.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The lignans are monolignol derived dimers. They are often
found as either 8-5 0, 8-8 0 or 8-O-4 0 linked moieties that may
occur either as pure enantiomers, mixtures of both enantiomers
or achiral coupling products, depending on the plant species [1].
Justicidin B (Jus B), an arylnaphthalene lignan without any
chiral center can attract interest, because of its fungicidal and
antiprotozoal properties [2]. It shows antiviral and anti-inﬂam-
matory activities as well as inhibition of platelet aggregation
[3–5]. In addition, it is used as a lead compound for the design
of antirheumatic drugs [6]. Recently, its strong cytotoxicity on
chronic myeloid and chronic lymphoid leukemia cell lines was
shown [7]. Jus B was ﬁrst isolated from Justica (Acanthaceae)
and Haplophyllum (Rutaceae) species [8,9]. The ﬁrst report of
the production of Jus B in a Linum species was for in vitro cul-
tures of Linum austriacum which accumulate 6.7 and 16.9 mg
Jus B/g dry weight in cell cultures and hairy roots, respectively
[10].Abbreviations: Jus B, justicidin B; Pino, pinoresinol; Lari, lariciresinol;
Seco, secoisolariciresinol; RNAi, RNA interference; ihpRNA, intron
hairpin RNA
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doi:10.1016/j.febslet.2007.01.018The biosynthesis of Jus B is not investigated up to now. But,
it can be assumed that the ﬁrst steps are similar to the lignan
biosynthesis in Forsythia intermedia shown by Lewis and
co-workers [1]. The lignan biosynthesis starts with the coupling
of two molecules of E-coniferyl alcohol with help of an auxill-
iary dirigent protein to give (+)-pinoresinol [(+)-Pino] (Fig. 1)
[11]. Next, (+)-Pino is reduced via (+)-lariciresinol [(+)-Lari] to
()-secoisolariciresinol [()-Seco] by the NADPH-dependent
bifunctional pinoresinol–lariciresinol reductase (PLR) [12].
()-Matairesinol biosynthesis occurs via enantiospeciﬁc
NADP+ dependant dehydrogenation of ()-Seco [13].
Isolation of a cDNA encoding PLR from F. intermedia
(PLR-Fi1) and its heterologous expression showed the same
enantiospeciﬁcity as in crude extracts [12]. The presence of
two distinct classes of PLRs in Thuja plicata has been shown
by Fujita et al. [14]. Recombinant PLR-Tp1 a PLR from the
ﬁrst class catalyses the reduction of ()-Pino into (+)-Seco,
whereas PLR-Tp2 a PLR from the second class catalyses the
formation of ()-Seco, analogous to the reactions performed
by PLR-Fi1. But, in contrast to PLR-Fi1, PLR-Tp1 and
PLR-Tp2 can reduce both enantiomers of Pino and are highly
enantiospeciﬁc toward (+/)-Lari. The same enantiospeciﬁcity
as for PLR-Fi1 is reported for a recombinant PLR from a cell
suspension culture of L. album (PLR-La1) [15]. However in
certain other plants, such as L. usitatissimum the opposite
enantiospeciﬁc transformations can predominate [16]. Von
Heimendahl et al. [15] cloned a cDNA encoding this enzyme
from a cell suspension culture of L. usitatissimum (PLR-
Lu1). The recombinant protein converts ()-Pino into (+)-
Seco.
Here, we describe the cloning and functional characteriza-
tion of a PLR from a cell suspension culture of L. perenne
Himmelszelt which accumulates Jus B as main lignan. This
suggests, but does not prove, that the PLR is involved in Jus
B biosynthesis in L. perenne Himmelszelt. Therefore, we in-
tended to downregulate plr-Lp1 gene expression in vivo to
prove the inﬂuence on Jus B biosynthesis. Within the last cou-
ple of years much progress was made to enhance the eﬃciency
of gene silencing in plants [17]. The most successful system was
introduced by Wesley et al. by using intron containing ‘‘hair-
pin’’ RNA (ihpRNA) constructs [18]. Since the accumulation
of Jus B in hairy roots of L. leonii and L. austriacum was al-
ready shown [7,10], we have used Agrobacterium rhizogenes
to establish hairy root lines of L. perenne Himmelszelt with
an ihpRNAi construct to prove the involvement of a PLR in
Jus B biosynthesis.blished by Elsevier B.V. All rights reserved.
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2.1. Chemicals
All solvents and chemicals were of reagent or HPLC grade unless
otherwise speciﬁed. Coniferyl alcohol was purchased from Fluka
(Buchs, Switzerland) and NADPH from Biomol (Hamburg, Ger-
many). Racemic Pino was synthesised according to [13]. (+)-Pino,
(+)-Lari and ()-Seco were from Arbonova (Turku, Finland). The fol-
lowing materials were from the following companies: RNeasy Plant
Mini Kit, QIAprep Spin Miniprep Kit, PCR Puriﬁcation Kit and
Ni-NTA agarose were from Qiagen (Hilden, Germany); Nick Transl-
ation Kit was from Invitrogen (Karlsruhe, Germany); pGEM-T vector
system was from Promega (Madison, WI, USA); 1st strand cDNA syn-
thesis Kit for RT-PCR (AMV) and Expand HiFi polymerase (Roche,
Mannheim, Germany); Nylon transfer membranes (Schleicher & Schu-
ell, Dassel, Germany); pET15b vector (Novagen, Darmstadt, Ger-
many); and E. coli BL21-Codonplus (DE3)-RIL (Stratagene, La
Jolla, USA); E. coli DH5a (Invitrogen, Karlsruhe, Germany).
Synthesis of oligonucleotides and sequencing reactions were done at
MWG-Biotech (Martinsried, Germany).
2.2. Plant materials
L. perenneHimmelszelt seeds were purchased (Jelitto, Schwarmstedt,
Germany) and germinated under sterile conditions on 0.1% coconut
milk in water (pH 5.8) solidiﬁed with 1% agar at 25 C in the dark.
Shoot cultures were induced from seedlings on MS-medium [19]
without hormone under permanent light. Single seedlings were used
to initiate calli and, subsequently, suspension cultures in MS-medium
with 0.4 mg l1NAA. Cells (5 g fresh weight) were transferred every 7
days into 50 ml of fresh medium in 300 ml Erlenmeyer ﬂasks and incu-
bated on a gyratory shaker at 120 rpm in the dark at 25 C. Fresh
weight of cells was measured after suction ﬁltration, dry weight after
lyophilization. Conductivity and sugar content of the medium were
measured by using a conductometer and refractometer, respectively.
2.3. Isolation of RNA, cDNA synthesis and cloning of a partial cDNA
sequence of L. perenne Himmelszelt
RNA was extracted from a four day old cell suspension culture of L.
perenne Himmelszelt by using the RNeasy Plant Mini Kit. cDNA for
RT-PCR was prepared from reverse transcription of 2 lg RNA using
an AMV cDNA Synthesis Kit according to the manufacturer’s proto-
col. Degenerated primers used to clone a ﬁrst fragment of a PLRcDNA from L. perenneHimmelszelt were designed based on a multiple
sequence alignment (ClustalW, version 1.82) of the following amino
acid sequences: PLR-Fi1 (GenBank accession number U81158),
PLR-Tp1 (GenBank accession number AF242503), PLR-Tp2 (Gen-
Bank accession number AF242504), PLR-Tp3 (GenBank accession
number AF242505), PLR-Tp4 (GenBank accession number
AF242506), PLR-Th1 (GenBank accession number AF242501),
PLR-Th2 (GenBank accession number AF242502), PCBER-Fi-2
(GenBank accession number AF242492), PCBER-Pt1 (GenBank
accession number AF242490), IFR-Mt1 (GenBank accession number
AF277052), IFR-Ms1 (GenBank accession number U17436) and
IFR-Ps1 (GenBank accession number S72472). The sequences of the
resulting primers are LPLR4F: 5 0-CCITCIGARTTYGGIATG-
GAYCC-3 0 and LPLR6R: 5 0-GTRTAYTTIACYTCIGGGTA-3 0.
RT-PCR, was performed as follows: 2 ll of the synthesized cDNA,
25 pmol of each degenerated primer, 1.5 mM MgCl2, 0.2 mM dNTPs
and 1 ll Taq DNA Polymerase per 50 ll reaction. PCR conditions
were 94 C, 3 min; denaturation 94 C 30 s; annealing 46 C 30 s;
72 C 1 min in 34 cycles; ﬁnal extension 72 C 3 min. The resulting
amplicon was ligated into pGEM-T and transformed into E. coli
DH5a and sequenced.
2.4. Generation of full-length cDNA
RACE experiments were used for rapid ampliﬁcation of the 5 0 and 3 0
end of the obtained cDNA fragment. To acquire the 5 0 terminus of the
cDNA, 5 lg of the sample RNA was mixed with 2.5 pmol gene speciﬁc
primer as follows: LpPLR-GSP1-5 0: 5 0-CTCCATAGATGATGACC-
3 0. cDNA was synthesized and puriﬁed using the 5 0-RACE system ver-
sion 2.0 (Invitrogene) according to the manufacturer’s instruction.
Five microliters of the dC-tailed cDNA was next used as the template
in a 50 ll PCR reaction by using HiFi-Taq polymerase according to
the manufacturer with the gene speciﬁc primer LpPLR-GSP2-5 0: 5 0-
GCTCTAGAGGATCCAGCTGCGAAAGATTGCCGACGAAG-30
and the adaptor primer: LpPLR-AAP: 5 0-GGAATTCGAGCTCGG-
TACCACGGGIIGGGIIGGGIIG-3 0 0.3 nM each. PCR ampliﬁcation
was carried out as described in Section 2.3 except for an annealing
temperature at 60 C. A nested PCR was performed with LpPLR-
GSP3-5 0: 5 0-GCTCTAGAGGATCCTGAACCTCTTAACATTCCC-
CGCCTCC-30 and LpPLR-AUAP: 5 0-CCGGAATTCGAGCTCGG-
TACCAC-3 0 as gene speciﬁc primers. The reverse transcription for
the 3 0- end of the cDNA was the same as 5 0RACE with the poly(dT)
primer LpPLR-AAP-3 0: 5 0-GGAATTCGAGCTCGGTACCAC-
TTTTTTTTTTTTTTTTT-3 0. The cDNA was ampliﬁed with the
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TCGGCAATCTTTCGCAGCTC-3 0 and LpPLRAUAP as mentioned
above. The nested PCR was performed with the gene speciﬁc primers
LpPLR-GSP2-3 0: 5 0-GCTCTAGAGGATCC TAACCCCGCCTT-
CCGATAAGGTCATC-3 0 and LpPLRAUAP. The full length
open reading frame of the cDNA was ampliﬁed by RT-PCR with
the primers LpPLRORF-F: 5 0-GGAATTCCATATGAAGCCGTG-
TAGTGTGCTCG-3 0 and LpPLRORF-R: 5 0-GGGGATCCTCAAA-
GGTAGATCTTCAAGTAATCATGG-30, introducing an NdeI
restriction site at the start codon and a BamHI site behind the stop
codon. Reverse transcription was performed with AMV Synthesis
Kit with total RNA from a 4 day old suspension culture of L. perenne
Himmelszelt. PCR was done with the Vent Taq Polymerase (New
England Biolabs, Beverly, USA) system under the conditions as men-
tioned above with an annealing temperature of 61 C. The resulting
PCR product was ligated into pGEM-T, cloned into E. coli DH5a
and fully sequenced (pSHORFk17). The orf from the plasmid was
ligated via NdeI, BamHI (MBI Fermentas) into the expression vector
pET15b (pSHETk11).
2.5. Heterologous expression of PLR-Lp1
pSHETk11 was transformed into E. coli BL21 (DE3)-RIL cells. Pro-
tein overexpression and puriﬁcation by metal chelate chromatography
was performed as described [15]. All protein concentrations were deter-
mined according to Bradford [20] with BSA as standard.
2.6. PLR assays and HPLC analysis
PLR eluted from PD10 column (Amersham Bioscience, Freibug,
Germany) was used for the determination of enzyme activities accord-
ing to [15]. The assay mixtures (250 ll) consisted of KPi buﬀer (0.1 M,
pH 7.1), 0.0925 mM racemic Pino, 2.5 mM NADPH and puriﬁed His
tagged PLR-Lp1 in diﬀerent concentrations (0.001, 0.005, 0.01, 0.05,
0.1, 0.5, 1, 3, 5, 7, 10, 15, 20 lg/assay). Protein, buﬀer and Pino were
preincubated for 15 min at 30 C. The enzyme reaction was initiated
by addition of NADPH and terminated by addition of 300 ll ethyl ace-
tate after 3 h. The assays were extracted with ethyl acetate (3 · 300 ll
in total). The combined ethyl acetate phases were dried under vaccum.
The residue was dissolved in 100 ll methanol and subjected to HPLC
analysis [HPLC-PDA system from Thermoquest (Egelsbach, Ger-
many) equipped with a Spectra System KO 6000 LP photodiode array
detector, autosampler Spectra System AS1000, degaser and a pump
Spectra System P2000]. Assay products were separated on a C18 col-
umn GROM-Sil (Grom, Rottenburg, Germany), particle size 5 lm,
2 cm · 4 mm and 25 cm · 4 mm. The elution system was water con-
taining 0.01% phosphoric acid (A) (for collection of peaks acid was
not added) and acetonitrile (Fisher Scientiﬁc, Leicestershire, England)
(B). Products were separated by using the following gradient: 25% B
for the ﬁrst 25 min, 25–43% B in 7 min, 43–75% in 3 min, hold 75%
for 1 min, 75–25% in 3 min, hold 25% for 4 min at a ﬂow rate of
1 ml/min at 25 C. For determination of the enantiomeric composition
of Pino, Lari and Seco, these compounds were collected from reversed
phase HPLC (LDC Milton Roy, Egelsbach, Germany) by using a C18
GROM-Sil 8.0 mm i.d., 40 + 250 mm length, 5 lm particle size. Sepa-
ration was by the following gradient: 29–31% B for the ﬁrst 16 min,
31–46% in 10 min, 46–75% in 2 min, hold 75% for 1 min 75–29% in
3 min, hold 29% for 8 min at a ﬂow rate of 2 ml/min. Fractions were
extracted with ethyl acetate and analysed by chiral column HPLC on
a Chiralcel OD-H (Daicel, Illkirch Cedex, France) and Chiralcel OC
modiﬁed according to [21,22]. The separation of enantiomers of Pino
and Seco was as mentioned in [15]. The separation of the enantiomers
of Lari with ethanol (A) (Merck, Darmstadt, Germany) and n-hexane
(B) (VWR, Fontenay, France) as solvents at a ﬂow rate of 0.5 ml/min
was achieved within 30 min with 20% B. HPLC detection wavelength
was 280 nm.
2.7. Lignan extraction and analysis
Lignans were extracted according to Empt et al. [23]. HPLC analysis
was performed on a C18 column as mentioned in Section 2.6 with water
containing 0.01% phosphoric acid (A) and acetonitrile (B). The follow-
ing gradient was used: hold 25–38% B for the ﬁrst 25 min, 38–43% B in
18 min, 43–55% B in 3 min, 55–70% B in 8 min, 70–25% B in 2 min,
hold 25% B for 4 min. Flow rate was 0.8 ml/min for the ﬁrst 25 min,
in 18 min reached to 1 ml/min, between 43–56 min hold by 1 ml/min
and in the last 4 min back to 0.8 ml/min.For the isolation of the diphyllin derivatives, 60 g dried and pow-
dered cells from a 14 days old suspension culture of L. perenne Him-
melszelt were extracted exhaustively with dichloromethane (Soxhlet).
Following evaporation the residue (4 g) was dissolved in methanol
and subjected to semi-preparative HPLC (LDC Milton Roy, as men-
tioned in Section 2.6). The elution system was water (A):acetonitrile
(B) using a gradient 40–67% B for the ﬁrst 17 min, 67–40% B in
1 min, hold 40% for 6 min at a ﬂow rate of 2 ml/min. Two peaks at
Rt: 4.8 and 6.14 showed a UV spectrum similar to Jus B. The sub-
stances were collected and their structures resolved by NMR. The spec-
tra were recorded at 500 MHz 1H and 125 MHz 13C on a Bruker
DRX500 spectrometer at room temperature in CDCl3. The data
are referenced to the solvent signals (7.270 ppm CHCl3, 7720 ppm
CDCl3).
2.8. Southern analysis
Genomic DNA was isolated from three day old L. perenneHimmels-
zelt suspension cultures according to Doyle and Doyle [24] and ali-
quots were digested with the restriction endonucleases EcoRI,
EcoRV, XbaI, BglII and HindIII and fractionated on a 0,8 % agarose
gel. Southern alkali blotting, prehybridisation and hybridisation were
carried out according to the user manual for positively charged nylon
membrane (Amersham Life Science). The last step of washing was
done with 0.2 · SSPE. Autoradiography of the ﬁlters against X-ray
ﬁlms (Roche, Germany) was performed at 70 C with intensifying
screens.
2.9. Construction of plr hpRNAi vectors and transformation of A.
rhizogenes
The RNAi construct used to silence the plr-Lp1 gene was constructed
as follows. A 652-bp fragment of the coding region of plr-Lp1 was se-
lected and ampliﬁed by PCR using primers containing two sets of
restriction sites at the 5 0 end: LPPLRhanF: 5 0-CCTCTAGACTC-
GAGACATCGAGAAGCTCCAGCTCTTGC-3 0 and LPPLRhanR:
50-CCATCGATGGTACCCAAACGGCCACCAACTCTCTTTGAC-30:
The forward primer contained XbaI and XhoI and the reversed primer
contained ClaI and KpnI restriction sites, respectively. The PCR prod-
uct was ﬁrst cloned into pGEM-T vector, sequenced and subcloned in
opposite orientations on either side of the Pdk intron of the pHANNI-
BAL vector [18]. The expression cassette was ligated into the NotI di-
gested binary vector, pART27 [25]. The selection cassette of PART27
harbours the chimaeric kanamycin resistance gene (nopaline synthase
promoter-neomycin phosphotransferase-nopaline synthase termina-
tor). The ﬁnal vector was transformed into the A. rhizogenes strain
TR105 by the freeze–thaw method [26]. The appropriate vectors with-
out RNAi sequence and A. rhizogenes without any construct were used
as controls.
Transformed agrobacteria were grown on YEB medium with
100 lg/ml spectinomycin and 20 lM acetosyringone at 28 C for 2
days. Shoots from in vitro cultures were wounded and infected with
the agrobacteria. After 2 days of cocultivation the explants were inc-
ubated on hormone free McCown agar medium with 2% sugar and
200 lg/ml timentin in the dark. The hairy roots appeared 2 weeks
after the infection. The root segments were cut and transferred onto
new medium when they were at least 25 mm in length. Paromomy-
cin (200 lg/ml) was used for selection of hairy roots carrying the ihpR-
NAi construct with and without the plr-Lp1 partial sequence. Hairy
root clones were kept in the dark at 25 C and routinely subcul-
tured every 25 days. After several subcultivation cycles, hairy roots
were transferred to liquid McCown medium. Subcultivation was per-
formed every 2 weeks by transferring 2 g fresh weight in liquid McC-
own medium (50 ml per 450 ml jar) with 2% sugar on a rotary
shaker (80 rpm). Lignan accumulation in hairy roots was analysed
by HPLC as mentioned in Section 2.7. LC–MS was performed as re-
ported [27].
2.10. Molecular analysis of transgenic lines
The DNeasy Plant Mini Kit was used to isolate total genomic DNA
from 20 mg freeze dried material from 7 day old hairy roots. The trans-
formed status of hairy roots was veriﬁed by PCR for the genes rolC
and virC according to [28].
The oligonucleotide primers used for ampliﬁcation of the plr gene
were 35 S 5 0-GTAAGGGATGACGCACAATCC-3 0 and LPPLR-
hanR. PCR ampliﬁcation for the inserted plr gene was as follows:
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Fig. 2. Growth curve and justicidin B (Jus B) content (A) and changes
in sugar content, conductivity and pH value in the medium (B) of a
606 S. Hemmati et al. / FEBS Letters 581 (2007) 603–610initial denaturation at 96 C for 3 min 30 s followed by 35 cycles of
denaturation at 94 C for 30 s, annealing at 59 C for 30 s, extension
at 72 C for 1 min, with a ﬁnal extension at 72 C for 3 min.
2.11. Preparation of protein extracts from hairy roots
Seven day old hairy roots of L. perenne Himmelszelt were separated
from the medium. After addition of 1 ml extraction buﬀer (20 mM
Tris/HCl, 2 mM EDTA, pH 7.1; 5 mM DTT), 0.2 g polyclar 10 and
0.2 g quarzsand per 1 g fresh weight, the hairy roots were homogenized
(4 · 30 s) by using an Ultraturrax (Janke and Kunkel, Freiburg im Bre-
isgau, Germany) with intermediate cooling on ice. The supernatant of
a centrifugation (4 C, 40000 · g, 20 min) was used to precipitate the
protein between 0% and 60% ammonium sulfate. The protein was sed-
imented (4 C, 40000 · g, 20 min), redissolved in extraction buﬀer and
desalted by gel ﬁltration on PD10 columns using the same buﬀer. Pro-
tein concentrations were determined as mentioned in Section 2.5.
2.12. Enzyme assays for hairy roots
In order to determine the range of linearity of product formation
PLR assays were either conducted with 40 lg protein for diﬀerent time
intervals in the range from 30 to 180 min or with diﬀerent protein con-
centrations in the range from 0 to 100 lg protein/assay for 90 min.
Finally, speciﬁc enzyme activities of diﬀerent ihpRNAi and control
lines were compared with assays containing 40 lg protein incubated
for 90 min at 30 C.
2.13. Semiquantitative RT-PCR
First strand cDNA was reverse transcribed from 1 lg total RNA
using Revert Aid M-MuL V reverse transcriptase. PKFactin5 0: 5 0-
ATGGARAARATNTGGCATC-3 0 and PKFactin3 0: 5 0-ACATCT-
GMTGGAANGTGC-30 were used to amplify a 850 bp actin cDNA
fragment at 94 C for 3 min, and 94 C, 30 s, 46 C, 30 s, 72 C, 52 s
for 34 cycles and ﬁnally 72 C for 3 min. Primer pairs and the PCR
programme for ampliﬁcation of plr cDNAs were PLRORFF and
PLRORFR as mentioned in Section 2.4. PCR products were analysed
on a 0.8% agarose gel stained with ethidium bromide.suspension culture of Linum perenne Himmelszelt during a culture
period of 14 days. Experiments were carried out in triplicate.3. Results
3.1. Growth and lignan accumulation in cell suspension cultures
of L. perenne Himmelszelt
A cell suspension culture of L. perenne Himmelszelt accumu-
lates Jus B as the main lignan beside two further arylnaphtha-
lene lignans not detected in Linum species before (Fig. 1). The
two latter compounds were found by HPLC/ESI-MS to be gly-
cosides of 7-hydroxyjusticidin B (diphyllin) [27]. The ESI-MS
spectrum of the ﬁrst substance displayed a quasimolecular
ion [M + H]+ at m/z 645, followed by fragments at m/z 513
and 381, corresponding to loss of one, and two, pentose moi-
eties, respectively. The second compound, occurring only in
minor amounts, diﬀered from the ﬁrst by showing an
[M + H]+ at m/z 675 and fragments due to successive loss of
a pentose (m/z 543) and a hexose (m/z 381) moiety. Both com-
pounds were also present in a cell culture of L. perenne Him-
melszelt, from which they were isolated by column
chromatography and analysed by NMR spectroscopy. Thus,
the ﬁrst compound was unambiguously identiﬁed by its 1H,
13C as well as a series of 2D NMR measurements (COSY,
HMQC, HMBC) as diphyllin-7-(2-b-xylopyranosido)-b-apio-
furanoside, whose data were found identical [29]. This diphyl-
line glycoside is known under the generic name majidine as a
constituent of Haplophyllum species (Rutaceae) [29]. In case
of the second compound, unambiguous identiﬁcation as a fur-
ther diphyllin glycoside followed from its 1H NMR data which
were very similar to those of majidine with respect to the agly-
cone part. The small sample amount precluded measurementof 13C NMR spectra and massive signal overlap in the 1H
NMR spectrum precluded unambiguous assignment of the
pentosido-hexoside disaccharide moiety, so that the full struc-
tural assignment must remain open at present. This is the ﬁrst
report on the occurrence of 7-oxygenated arylnaphthalenes
and their glycosides within a Linum species.
The dry weight (DW) accumulation of the cell culture
reaches its maximum at day 8 within a cultivation period of
14 days with 0.8 g/ﬂask. Maximum biomass based on fresh
weight was achieved at day 10 with 22 g/ﬂask (Fig. 2A). Sugar
content and conductivity of the medium reached a minimum at
day 10, which indicates the maximal uptake of sugar and min-
eral ions by the cells and is accompanied by a substantial
increase in the pH of the medium (Fig. 2). Production of Jus
B parallels growth reaching a maximum of 22 mg/g DW at
day 10 (Fig. 2).
It should be mentioned that the suspension culture of L. per-
enne does not accumulate any detectable amount of the pre-
sumable precursors of arylnaphthalenes, Pino, Lari or Seco.
3.2. Cloning of a PLR encoding sequence from L. perenne
Himmelszelt
In order to prove whether the ﬁrst steps of the biosynthesis
of Jus B are similar to the ﬁrst steps of the lignan biosynthesis
in F. intermedia, PLR was chosen as an enzyme maybe in-
volved in the biosynthesis of Jus B. A full length cDNA with
1145 bp encoding a putative PLR (PLR-Lp1, GenBank acces-
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Fig. 3. Southern hybridisation of genomic DNA from Linum perenne.
DNA was digested with EcoRI, EcoRV, HindIII, XbaI, BglII. The
resulting membranes were probed with the open reading frame of
PLR-Lp1.
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degenerated primers followed by 5 0- and 3 0-RACE. The trans-
lational start of the ORF is at nucleotide 75, the TGA stop at
nucleotide 1017 encoding a polypeptide of 314 amino acids.
The PLR-Lp1 shows highest similarities to the PLR of L. usi-
tatissimum (80% identity and 87% similarity) and the PLR of
L. album (66% identity and 79% similarity) on amino acid
level. PLRs are phylogenetically linked to isoﬂavone reduc-
tases (IFRs), and phenylcoumaran benzylic ether reductases
(PCBERs) based on the high gene sequence similarity [30].
PLR-Lp1 shows lower similarities to PCBERs (48% identity
and 65% similarity to a PCBER of Pinus taeda; 41% identity
and 65% similarity to a PCBER of Populus balsamifera). No
signiﬁcant sequence similarity to an IFR was observed. Next,
genomic DNA was digested to completion with either EcoRI,
EcoRV, XbaI, which do not cut in the cDNA, and BglII and
HindIII which cut 13 bp and 67 bp before the 3 0-end of the
cDNA. The ORF of PLR-Lp1 was used as probe. For each
restriction digest at least two bands were observed indicating
that PLR-Lp1 belongs to a small gene family in the genome
of L. perenne Himmelszelt (Fig. 3).
3.3. Functional expression of PLR-Lp1 in E. coli
The ORF of PLR-Lp1 was cloned in an expression vector
for the heterologous expression as N-terminal 6-His fusion
protein in E. coli. The formation of Lari as well as Seco by
using racemic Pino as substrate was observed. No activity
was measured in extracts from cells containing the expression
vector lacking an insert or when either cofactor was omitted or
when the enzyme was denatured (boiled for 15 min). Dehydro-
diconiferyl alcohol, a substrate for PCBERs [30] was not con-
verted by PLR-Lp1. Racemic Pino is completely converted
into Lari with protein concentrations as low as 0.1 lg in assays
carried out at 30 C, pH 7.1 for 3 h with diﬀerent protein con-
centrations (Fig. 4A). With increasing protein concentrations
Lari is completely converted into Seco. To determine the enan-
tiospeciﬁcity of PLR-Lp1, the Pino, Lari and Seco from the
assays was collected and further analysed with chiral column
HPLC (Fig. 4B–D). Both enantiomers of Pino have been con-
verted to (+)- and ()-Lari, respectively, with preference forthe (+)- rather than the ()-enantiomer. Both enantiomers of
Lari are used eﬀectively, but, with a preference for ()-Lari.
Analogous results were obtained for depletion of Pino and for-
mation of Seco with variation of the reaction time from 2 min
to 24 h (data not shown). When pure (+)-Pino or (+)-Lari were
used, depletion of these substrates occurred within the same
time scale and with the same protein concentrations as for
assays with the racemic substrates indicating that one of the
enantiomers does not inﬂuence the aﬃnity of the other to
the protein.
3.4. RNA silencing of plr-Lp1 in hairy roots of L. perenne
Himmelszelt
A binary vector containing an ihpRNAi construct for the
silencing of the plr-Lp1 gene was transformed with A. rhizoge-
nes into shoot cultures of L. perenne Himmelszelt. Six indepen-
dant hairy root lines carrying the ihpRNAi transgene (H 1–6),
ﬁve control lines with the empty construct (E 1–5) and
ﬁve controls without construct (T 1–5) showed comparable
growth and typical hairy root morphology. They were further
analysed after removing the agrobacteria which was shown
by PCR for the virC gene. The hairy root status was proven
via the presence of the rolC gene by PCR (data not shown).
L. perenne Himmelszelt hairy root control lines E and T
accumulate 29-38 mg/g DW Jus B as the major lignan beside
the two diphyllin glycosides indicating no inﬂuence of the
ihpRNAi construct without plr-Lp1 sequences on the lignan
content (Fig. 5). The content of Jus B and the diphyllin
glycosides in lines H was signiﬁcantly reduced to 6–11 mg/g
DW Jus B. The identity of the lignans was conﬁrmed by
HPLC and LC–MS in comparison to authentic standards.
Most importantly, two additional peaks with ESI-MS
spectra very similar to those of Pino and Lari [27] were ob-
served in ihpRNAi lines beside a slightly increased Pino con-
tent. The ESI mass spectra of the more polar compound
(eluting at Rt 4.6 min) recorded in the positive and negative
ion modes pointed towards the presence of a Lari derivative.
The positive ion spectrum showed a quasimolecular peak
[M + NH4]
+ at m/z 540 along with a base peak at m/z 219
characteristic for Lari and Seco [27]. The negative ion
spectrum consistently displayed [MH] at m/z 521 and a
fragment corresponding to the loss of the hexose moiety
[MH(C6H10O5)] at m/z 359, so that the presence of a Lari
monohexoside is likely.
The less polar compound (eluting at Rt 6.5 min) mass spec-
trometrically resembled Pino [27]. However, in the positive ion
mode, a quasimolecular ion [M + NH4]
+ was observed at m/z
538, followed by fragments at m/z 359 and 341,
[M + HC6H10O5]+ and [M + HC6H12O6]+, respectively,
corresponding to loss of a hexose moiety. In the negative ion
spectrum, the quasimolecular peak [MH] appeared at m/z
519 and a following fragment was observed at m/z 357, result-
ing from loss of the hexose moiety [MC6H11O5]. Thus, this
latter compound should be a Pino monohexoside.
Transcript levels of plr-Lp1 in silenced lines were measured
by using semiquantitative RT-PCR with transcript levels of
actin for comparison [31]. In all ihpRNAi lines the level of
plr-Lp1 mRNA was signiﬁcantly reduced (Fig. 6A). Speciﬁc
PLR activity levels decreased from app. 10 nkat/mg protein
in control lines in comparison to app. 0.7 nkat/mg protein in
ihpRNAi lines (Fig. 6B).
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Fig. 4. Turnover of pinoresinol (Pino) and formation of lariciresinol (Lari) and secoisolariciresinol (Seco) following incubation of racemic Pino with
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Cell suspension and hairy root cultures of L. perenne Him-
melszelt accumulate up to 23 mg/g DW Jus B in 8–10 days
and 37 mg/g DW in 14 days, respectively. That is 2–3 times
more than observed for in vitro cultures of L. austriacum
[10]. Besides Jus B we identiﬁed two glycosylated derivatives
of diphyllin. To our knowledge, this is the ﬁrst report on the
occurrence of 7-oxygenated arylnaphthalene lignans and their
derivatives in a Linum species. (The biosynthetic relationship
between Jus B and the diphyllins will be clariﬁed in the future).
We cloned a PLR cDNA from L. perenne Himmelszelt cell
cultures (PLR-Lp1). The recombinant PLR-Lp1 completely
used up the racemic Pino before the resulting Lari was com-
pletely converted to Seco. Therefore, PLR-Lp1 seems to work
more like a pinoresinol reductase than a PLR. We analysed the
actin
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Fig. 6. (A) RT-PCR analysis of plr-Lp1 gene expression in Linum perenne hairy roots. An actin gene from the same lines was ampliﬁed to determine
equal amounts of cDNA template. (B) PLR activity with 40 lg protein and 90 min incubation in selected hairy root lines of L. perenne containing plr
ihpRNAi constructs (H) in comparison with lines containing empty vector (E) and lines without any vector (T). (The values are mean ± SD from two
times assays conducted in duplicate.)
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assays with diﬀerent protein concentrations in order to get
hints for the enantiospeciﬁcity of PLR-Lp1. The protein shows
preference for (+)-Pino (R,R conﬁguration at C-atoms 8,8 0) in
the ﬁrst reaction step, but preference for ()-Lari (S,S conﬁg-
uration at C-atoms 8,8 0) in the second reaction step. All other
PLRs cloned so far, like PLRs from T. plicata, F. intermedia,
L. album and L. usitatissimum, at least prefer for both reaction
steps either the R,R conﬁgurated or S,S conﬁgurated lignans
[12,14,15]. Therefore, PLR-Lp1 is the ﬁrst PLR with opposite
enantiospeciﬁcity toward Pino and Lari. This fact together
with the preference for both Pino enantiomers before Lari indi-
cates that another gene encoding a PLR which is at least more
speciﬁc for the conversion of Lari to Seco could be present in
the genome of L. perenne Himmelszelt which is also indicated
by Southern analysis.
To prove whether PLR-Lp1 is involved in the biosynthesis
of arylnaphthalene lignans, ihpRNAi experiments were carried
out. The eﬀect of gene suppression to ﬁnd metabolic pathway
intermediates has been shown in many studies [32]. The com-
parison of plr-Lp1 mRNA level, PLR-Lp1 activities and lignan
accumulation in hairy root lines which were transformed with
only agrobacteria or with agrobacteria with an empty vector
control showed no diﬀerence between these lines. In contrast,
lines transformed with the ihpRNAi construct for plr gene
suppression show signiﬁcant reduction of mRNA level and
enzyme activities for PLR-Lp1 and signiﬁcantly lowered accu-
mulation of Jus B and the diphyllins. The level of Pino in-
creased in these lines. Two additional peaks never observed
in control lines which could be glycosides of Pino and Lari
were observed. The compounds can not be Pino and Lari
monoglucosides since b-glucosidases are used in our lignan
extraction method. But, it is possible that Pino and Lari can
serve as substrates for the same enzymes which add the sugar
moieties to the diphyllins accumulated in the in vitro cultures
of L. perenne Himmelszelt. Nevertheless, the exact structures
of the compounds still remain to be identiﬁed. Since the RNAi
construct was cloned in such a manner that it is not highly spe-
ciﬁc for plr-Lp1 but to silence possible plr-like genes too, it can
be concluded that at least plr-Lp1 is involved in the biosynthe-
sis of Jus B and diphyllin derivatives. This is the ﬁrst report of
gene suppression in lignan producing plants.
In conclusion, our results demonstrate that a PLR is
involved in the biosynthesis of arylnaphthalene type lignanslike Jus B. PLR-Lp1 is the ﬁrst PLR with opposite enantio-
speciﬁcity in the two reaction steps catalysed by PLRs.
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